In this article, we report the isolation and characterization of a gene that may be important in the adherence of avian pathogenic Escherichia coli to the avian respiratory tract. The E. coli strain HB101, which is unable to agglutinate chicken erythrocytes, was transduced with cosmid libraries from the avian pathogenic E. coli strain X7122. Enrichment of transductants that could agglutinate chicken erythrocytes yielded 19 colonies. These isolates contained cosmids that encompassed four nonoverlapping regions of the E. coli chromosome. Only one group of cosmids, represented by pYA3104, would cause E. coli CC118 to agglutinate chicken erythrocytes. A 10-kb fragment of this cosmid was subcloned in pACYC184. Transposon mutagenesis of this fragment with TnSseql indicated that a contiguous 4.4-kb region of cloned DNA was required for heinagglutination. In vitro transcription/translation assays indicated that this 4.4-kb region of DNA encoded one protein of approximately 140 kDa. The nucleotide sequence of this region was determined and found to encode one open reading frame of 4,134 nucleotides that would encode a protein of 1,377 amino acids with a deduced molecular weight of 148,226. This gene confers on E. coli K-12 a temperature-sensitive hemagglutination phenotype that is best expressed when cells are grown at 26°C, and we have designated this gene tsh and the deduced gene product Tsh. Insertional mutagenesis of the chromosomal tsh gene in X7122 had no effect on hemagglutination titers.
Avian pathogenic Escherichia coli infection of the avian respiratory tract causes respiratory tract lesions and septicemia. This disease is referred to as air-sacculitis, pneumonitis, septicemic colibacillosis, or colisepticemia. These infections are often secondary to primary infections of infectious bronchitis virus, Newcastle disease virus, and Mycoplasma spp. (24) . Avian E. coli strains with one of three 0 antigens, 01, 02, or 078, cause the majority of all E. coli-induced colisepticemias (39) .
Infection of poultry by E. coli is thought to occur via inhalation of feces-contaminated dust. The precise location of E. coli deposition within the respiratory tract which leads to disease is unknown. Previous investigators have shown that avian pathogenic E. coli isolates can bind to avian tracheal epithelial cells and that type 1 and type 1-like fimbriae are responsible for this activity (16) (17) (18) 27 , 38, [52] [53] [54] [55] 60) . The agglutination of erythrocytes has long been used as an in vitro assay of the expression of many different adhesins by E. coli (for a review, see reference 41) . Several investigators have found that avian pathogenic E. coli do not agglutinate chicken erythrocytes in the presence of mannose (2, 20, 58) . We have used a more sensitive assay of hemagglutination, the microhemagglutination assay (29) , to test avian pathogenic E. coli for the expression of adhesins which mediate mannose-resistant hemagglutination. Using this assay, we recently described the mannose-resistant hemagglutination phenotype of an avian pathogenic E. coli isolate (47) .
Hemagglutinins and other adhesins expressed by E. coli are produced in vitro when isolates are grown at 37°C but are often not produced during growth at lower temperatures. In contrast, the hemagglutinin we described was best expressed at lower temperatures (47) . Hemagglutination activity was highest when cells were grown at 26°C and lower in cells grown at 37°C, and cells grown at 42°C lacked activity. This temperature-dependent hemagglutination phenotype was termed Tsh, for temperature-sensitive hemagglutinin. The in vitro conditions that cause the Tsh phenotype to be expressed are identical to those that cause certain E. coli strains to express curli, a fibronectin-binding structure (47) . We report herein the cloning and characterization of a gene, tsh, isolated from the avian pathogenic E. coli strain X7122. This gene will confer on E. coli K-12 a hemagglutination-positive phenotype.
MATERIALS AND METHODS
Bacterial strains, plasmids, phage, and growth conditions. The bacterial strains, plasmids, and phage used are described in Table 1 . Phage were propagated in strain LE392. L broth and L agar (31) were used for routine growth of bacteria unless noted otherwise. Bacterial cells were grown on colonization factor antigen (CFA) agar (21) at 26°C for 48 h. The medium used to assay for productive TnphoA insertions was CFA agar containing 120 mM EPPS [N-(2-hydroxyethyl)piperazine-N'-(3-propanesulfonic acid)] (pH 8.2), 40 ,ug of 5-chloro-4-bromo-3-indolyl-p-toluidine salt (XP) per ml, and kanamycin. Antibi- ,ug/ml; kanamycin, 30 ,ug/ml; and tetracycline, 12.5 pug/ml. Hemagglutination assays. All hemagglutination assays were done in the presence of 0.5% methyl ct-D-mannopyranoside (Sigma) to control for mannose-sensitive hemagglutination by type 1 fimbriae. Chicken erythrocytes were obtained from Lampire Biological Laboratories (Pipersville, Pa.).
Hemagglutination activity was assayed with the microhemagglutination test (29) with 96-well round-bottom microtiter plates (Corning Glass Works) as described elsewhere (47) . Briefly, bacteria grown on CFA agar were harvested from the plates and serially diluted in 0.85% NaCl containing methyl at-D-mannopyranoside. A suspension of chicken erythrocytes was added to each well and mixed. Wells containing a small pellet of erythrocytes at the bottom of the well after 1 h of incubation on ice were considered hemagglutination negative, and those wells containing an even sheet of erythrocytes across the well were considered hemagglutination positive. Hemagglutination titer is expressed as the reciprocal of the greatest dilution of bacterial cells that resulted in a positive hemagglutination.
DNA and genetic manipulations. All DNA-modifying, ligase, and restriction endonuclease enzymes were used as suggested by the manufacturer (Promega). DNA was isolated from the avian pathogenic strain X7122 by the procedure of Hull et al. (28) . The DNA was partially digested with Sau3A and size fractionated over a sucrose gradient prepared as described elsewhere (5) . DNA fragments of the correct size were pooled and ligated to pSCOS1 that had been digested with BamHI and phosphatased with calf intestinal phosphatase. The resulting ligation mixture was packaged in vitro as directed by the manufacturer (Stratagene).
Transposon mutagenesis of pYA3107, a plasmid conferring a hemagglutination-positive phenotype on E. coli strains CC118 and HB101, was done in strain CC118 as described elsewhere (48) Transconjugants were selected by plating the mating mixture on L agar containing ampicillin.
Enrichment for hemagglutination-positive recombinant clones. The in vitro-packaged cosmid library was used to transduce HB101 to ampicillin resistance and plated on CFA agar containing ampicillin. These cells were then used to enrich for those that could agglutinate chicken erythrocytes by a modification of a previously described enrichment procedure (14) . Approximately 750 bacterial colonies were harvested from the plates and resuspended in 2 ml of 0.85% NaCl. A 2-ml volume of a 3% erythrocyte suspension was added to this, mixed, and incubated on ice for 1 h. The erythrocytes and associated bacteria were separated from unbound bacteria by briefly pelleting at 200 x g for 5 min. The supernatant was removed, and the pellet was gently resuspended in 4 ml of 0.85% NaCl and incubated on ice for 1 h. This procedure was repeated two more times. After the third centrifugation, the erythrocyte-bacterium pellet was streaked for isolated colonies on L agar containing ampicillin. A total of 37 colonies were assayed for agglutination activity after growth on CFA agar. Nineteen colonies were able to agglutinate chicken erythrocytes.
Colony blot and Southern blot hybridization. Cosmids containing the crl gene were identified by colony blot hybridization by using a 300-bp crl-specific DNA probe (47 (42) . The optimal secondary structure of the RNA molecule directly downstream of a putative stop codon was determined by the method of Zucker and Stiegler (61) .
Nucleotide sequence accession number. The DNA sequence described here has been submitted to the Genome Sequence Data Base. The accession number is L27423.
RESULTS
Isolation of cosmid clones that confer a hemagglutinationpositive phenotype on HBIO. We previously described an a high-copy-number plasmid (40) , and this is also due to the expression of cryptic genes in HB101 (1) . The E. coli K-12 strain CC118 will not bind fibronectin when the crl gene is present ( Table 2 ). The ability of the four cosmids to cause HB101 and CC118 to bind fibronectin was determined (Table  2) . pYA3103, the cosmid containing crl, caused HB101 to bind fibronectin and did not cause this phenotype to be expressed by CC118. pYA3102 and pYA3105 caused HB101 but not CC118 to bind fibronectin. In contrast, pYA3104 did not confer on HB101 or CC118 the ability to bind fibronectin.
E. coli strain CC118 will not agglutinate erythrocytes when grown on CFA agar at 26°C (Table 2) . Also, unlike HB101, CCI 18 will not agglutinate erythrocytes when it contains the crl gene on a high-copy-number plasmid ( Table 2 ), suggesting that CC118 does not contain the cryptic genes present in HB101. We determined the hemagglutination activity of CC118 when it contained each of the cosmids pYA3102, pYA3103, pYA3104, and pYA3105 (Table 2) . Only one cosmid, pYA3104, caused CC118 to agglutinate erythrocytes.
Since pYA3102 and pYA3105 caused the expression of hemagglutination activity and fibronectin binding in HB101 and CC118 in a manner similar to that caused by crl, it is possible that pYA3102 and pYA3105 may contain regulatory genes that act, like crl, to cause the expression of cryptic genes. pYA3104, the only clone that caused both strains to hemagglutinate, did not have the same effect that pYA3102, pYA3105, or the crl gene had on HB101 and CC118. We believe these results are consistent with the hypothesis that pYA3104 contains the structural genes that encode a hemagglutinin. Consequently, this clone was chosen for further analysis.
Subcloning and transposon mutagenesis of pYA3104. EcoRI digestion of pYA3104 resulted in three large DNA fragments (data not shown). When each of these was subcloned into the plasmid pACYC184, only one caused HB101 to agglutinate erythrocytes. This subclone contained a 10-kb DNA fragment and was designated pYA3107 (Fig. 1) . This subclone had the same effect on HB101 and CC118 as did pYA3104 ( Table 2) .
The region of DNA in pYA3107 required for hemagglutination by HB101 was identified by transposon mutagenesis with Tn5seql and TnphoA (Fig. 1) . All insertions resulted in either no hemagglutination activity or wild-type levels of activity. This analysis indicated that at least 4.4 kb of DNA between the tsh-69 and tsh-97 insertions was necessary for hemagglutination. TnphoA mutagenesis resulted in productive fusions within the region of DNA required for hemagglutination activity, indicating that this region contained at least one gene encoding an exported protein (Fig. 1) . The orientation of productive TnphoA insertions was determined by restriction endonuclease digestion. Each productive fusion indicated that the direction of transcription was from the left to the right, as depicted in Fig. 1 . Also, productive TnphoA insertions were limited to the 5' end of the 4.4-kb region of DNA important in conferring a hemagglutination-positive phenotype.
Identification of plasmid-encoded polypeptides. pYA3107 and three Tn5seql insertions, tsh-55, tsh-84, and tsh-98, were digested with ClaI. The DNA fragment containing the region of DNA important in conferring hemagglutination activity was isolated from each plasmid and subcloned into pBluescript II SK to yield pYA3108, pYA3108.tsh-55, pYA3108.tsh-84, and pYA3108.tsh-98. These plasmids were analyzed for plasmidencoded polypeptides. Figure 2 shows that the pYA3108 subclone encodes one prominent polypeptide of approximately 140 kDa (lane 2).
The plasmids containing the tsh-84 and tsh-98 insertions each produced three predominant polypeptides (Fig. 2, lanes 4 (19, 50) . The spacing between the -35 and -10 regions of the putative promoter is 16 bp, the optimal spacing for promoters (50) . A putative ribosome binding site (AGGAG) is 8 bp upstream of the first ATG codon of the ORF. The sequence of this putative Shine-Dalgamo site is identical to the consensus, and the spacing between it and the ATG codon is optimal (23) . The transposon insertion mutation tsh-55 maps within the putative promoter. This is consistent with the observation that this mutation does not affect the size of the protein in the in vitro transcription/translation analysis, but only the level of expression (Fig. 3, lane 3) . The DNA sequence analysis and transposon mutagenesis strongly suggest that this ORF of 4,134 nucleotides encodes a protein that is important in conferring a temperature-sensitive phenotype on E. coli K-12. Accordingly, this gene was designated tsh, and the gene product was designated Tsh.
TnphoA mutagenesis indicates that this protein is secreted (see above). There are several potential signal sequence cleavage sites in the amino-terminal region of Tsh (Fig. 3) that follow the "(-3, -1) rule" (59) . The locations of two TnphoA insertions were determined by DNA sequence analysis (Fig. 3) . The DNA sequence of the tsh-16 and tsh-33 fusion joints indicated that in-frame fusions had occurred with tsh and that the direction of transcription of both insertions was from left to right. These results are consistent with the interpretation that the 4.4-kb region of DNA that confers hemagglutination activity produces one protein of approximately 140 kDa and this protein is exported.
The end of the ORF is followed by an inverted repeat that begins 5 X7141 was screened for insertion of the plasmid pYA3270 into the chromosomal tsh by Southern blot analysis (Fig. 4) (Fig. 6) . 
DISCUSSION
We report herein the isolation and characterization of a gene from the avian pathogenic E. coli strain X7122 that will cause the E. coli K-12 strains HB101 and CC118 to hemagglutinate chicken erythrocytes. This gene, tsh, was isolated on a cosmid clone and subcloned as a 10-kb EcoRI fragment. Transposon mutagenesis and in vitro transcription/translation of this 10-kb EcoRI DNA fragment indicated that a 4.4-kb region of the cloned DNA was required for hemagglutination and that this 4.4-kb region encoded one polypeptide of approximately 140 kDa. Transposon mutagenesis with TnphoA also suggested that this polypeptide was exported. The DNA sequence of this gene was determined. The DNA sequence was found to contain a single ORF of 4,134 nucleotides that would encode a protein with the deduced molecular weight of 148,226.
Previous work has shown that HB101 will express a cryptic hemagglutination activity when the crl gene is present on a plasmid, and we have shown that the avian pathogenic E. coli strain X7122 contains DNA sequences homologous to crl (47) .
Thus, the use of HB101 as the recipient strain for the cosmid libraries provided for an internal control to determine the utility of the enrichment procedure for the isolation of hemagglutination-positive bacteria. The enrichment procedure used to isolate hemagglutination-positive bacteria resulted in the identification of four groups of nonoverlapping clones. The crl gene was isolated on a cosmid as expected. However, the A.
B. 
Comparison of the deduced amino acid sequence of Tsh with those of the IgAl protease proteins of H. influenzae HK368 (45) and N. gonorrhoeae MS11 (44) . The amino acids of the deduced Tsh sequence are numbered from the amino-terminal end of the unprocessed protein.
The three single arrows indicate the proposed autoproteolytic sites in the IgA protease from H. influenzae HK368 (45) . The two double arrows indicate the autoproteolytic sites in the N. gonorrhoeae IgA protease (44 
of DNA is approximately 161 kDa; thus, it is possible that this region could encode a protein of 140 kDa. This suggests that most of the faint bands migrating below the 140-kDa band in Fig. 2 (Fig. 3) . If the first ATG codon shown in Fig. 3 is the initiation codon, the predicted molecular weight of the truncated proteins from insertions tsh-84 and tsh-98 are 29,416 and 121,644, respectively (Fig. 2) . The observed sizes of the truncated proteins from the tsh-84 and tsh-98 mutations were 29.5 kDa and 118 kDa, respectively. The predicted sizes of these truncated proteins are consistent with the sizes observed in the in vitro transcription/translation analysis.
While the transposon insertion mutation tsh-55 will no longer confer a hemagglutination-positive phenotype, the fulllength protein is still produced in vitro (Fig. 2, lane 3) gene tsh (Fig. 3) . This is consistent with the observation that the tsh-55 mutation results in decreased levels of the full-length protein Tsh (Fig. 2, lane 3) . We believe that in E. coli K-12 strains containing this mutation the greatly decreased levels of Tsh are not enough to confer a hemagglutination-positive phenotype.
Insertional mutagenesis of the gene tsh had no (25, 44) . After movement of the protein into the periplasmic space, the carboxy-terminal , domain of the proprotease is inserted into the outer membrane. The amino-terminal end of the protein is then exported through the outer membrane by the a domain. When the amino-terminal end has been exported, the protein is autoproteolytically cleaved at three closely spaced sites. This allows the mature protease to be released from the cell and presumably to act on the substrate during the infective process. The long-term fate of the a domain left behind in the outer membrane is unknown.
The deduced amino acid sequences of the H. influenzae and N. gonorrhoeae serine-type IgAl proteases have been compared (45) . The levels of identity and similarity between the two proteins are 49 and 65%, respectively. This homology exists throughout the domain containing the mature protease, and there is also extensive homology in the carboxy-terminal end of the amino acid sequence that encodes the a domain (45) . When Tsh is aligned to the IgAl proteases (Fig. 5) , it is apparent that essentially all of the homology between Tsh and the other proteases is in the region of the IgAl proteases that encodes the mature protease. The levels of identity and similarity between the first 900 amino acids of Tsh and the serine-type IgAl proteases are 33 and 54%, respectively. We believe that this homology is significant for two reasons. The homology extends over a large region of amino acids that corresponds to a functional domain in the IgAl proteases. Also, there are four areas of complete identity spanning six to nine consecutive amino acids between Tsh and the five other IgAl proteases (Fig. 5, amino (3) . Serine proteases of the chymotrypsin-trypsin family contain a 7-aminoacid sequence that is highly conserved and includes the active site serine (10) . The IgAl proteases contain this amino acid motif (3), and in vitro mutagenesis of an H. influenzae IgAl protease that changed the active serine to a threonine completely abolished protease activity (46) . Tsh contains this 7-amino-acid sequence (Fig. 5 , amino acids 257 to 263) and also contains the serine residue shown to be important in the enzymatic activity of the H. influenzae IgAl protease.
The significance of the limited homology between Tsh and pertactin is unknown. The pertactin protein of B. pertussis is a member of a family of outer membrane proteins also present in Bordetella bronchiseptica and Bordetella parapertussis (35) .
The B. pertussis pertactin has been shown to mediate attachment to some eukaryotic cells (9) . Since Tsh contains regions of homology to pertactin and the serine-type IgAl proteases, two features shared by both pertactin and the serine-type IgAl proteases may be noteworthy. Both are outer membrane proteins and both undergo posttranslational processing (11, 12, 44, 45) . We have shown that Tsh is an outer membrane protein and that it is proteolytically cleaved during maturation (49 Hap protein of Vibrio cholerae is a zinc-and calcium-dependent metalloprotease that will cause chicken erythrocytes to agglutinate (6, 22) . The Pseudomonas aeruginosa exoenzyme S protein will ADP ribosylate membrane-associated eukaryotic proteins (13) and will also bind to glycosphingolipids (4) . Alternatively, the tsh gene product may play an ancillary role in hemagglutination. In this case, Tsh may proteolytically process a cryptic protein on the surface of E. coli which would then mediate hemagglutination or may modify a host erythrocyte surface protein to which the microbe could then bind. Distinguishing between these possible roles of Tsh in hemagglutination will require a greater understanding of the properties of Tsh. To this end we are currently investigating the events that occur with Tsh as it matures during export and the proteolytic properties of Tsh.
